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New nondestructive techniques are being sought to detect and characterize 
defects in aging aircraft structures. One problem of particular concern is the 
inspection of bonded and riveted lap joints between aluminum alloy sheets 
comprising the aircraft's external skin. Over time, mechanical stresses, thermal 
stresses, and corrosion lead to disbonds in these regions which degrade the integrity 
of the joints. A rapid and economical nondestructive evaluation technique is desired 
to detect and quantify the severity of these disbonds, including the so called "kissing" 
disbonds where there is no material missing in the adhesive layer and all layers are in 
physical contact. 
Optical detection techniques are an attractive partial solution to this inspection 
problem because they are noncontacting and commercial full field instruments are 
available. The key to successful optical detection of displacement, however, is 
appropriate stressing of the sample. Common stressing techniques include mechanical 
loading, vacuum/pressurization, vibrational excitation, and transient radiant heating. 
Currently vacuum techniques are being applied most successfully for optical detection 
of this type of disbond [1], but they require contact of the vacuum apparatus with the 
sample surface. In this paper we present preliminary work on an electromagnetic 
stressing technique that is noncontacting and produces surface displacements in a 
manner similar to the vacuum technique. 
Since aircraft skins are made of an aluminum alloy, a conductor, it is possible 
to induce eddy currents in the top sheet of the lap joint with a magnetic field 
produced by a current running through a coil fixed above the surface. The magnetic 
field gradient produced by the current in the coil interacts with these eddy currents to 
produce a Lorentz force which gives rise to a pressure in the sheet. With very high 
currents, sufficient force can be produced that this technique is currently employed to 
pull dents caused by hail damage out of aircraft skins [2], and a variation of this 
technique is under investigation for the de-icing of airplane wings [3][4]. 
Review of Progress in Quantitative Nondestructive Evaluation, Vol. 12 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1993 1107 
ELECfROMAGNETIC THEORY 
A schematic diagram of the induction coil including coordinate system 
definition is shown in Figure 1. Figure 1a shows a top view of the pancake coil. The 
prototype coil was constructed of approximately 40 turns of polyamide coated copper 
ribbon wire of dimensions 0.025 x 0.195 inches. The cross section of this coil is shown 
in Figure 1b along with the aluminum sheet and a schematic representation of the 
magnetic field lines generated by a current running through the coil. The aluminum 
sheet has a thickness "d", "top" is defined as the side of the sheet nearest to the coil, 
and "bottom" is the side of the sheet bonded to the next sheet. Also indicated in 
Figure 1b are the areas of interest in the sheet below the centers of each half of the 
coil. In these areas there is predominantly a radial component of the magnetic field. 
It is this radial component which interacts with the eddy currents to produce the 
perpendicular force, and it is this component which will be used in the calculations of 
pressure to follow. 
The Lorentz force produced by the interaction of a current and a magnetic 
field is given by Equation 1, 
(1) 
where J is current density and B is magnetic induction. Considering only the radial 
component of the magnetic field in the aluminum sheet and using the permittivity of 
free space (which is a reasonable approximation for aluminum) the magnetic 
induction may be written 
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Figure 1. Top and side views of coil and coordinate system. 
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From Maxwell's equations the current density is given by Equation 3, 
... ... aD J = v x H - -. 
at 
In the frequency range of interest here, the displacement current term is small 
enough to be dropped from the above equation. Again considering only the radial 
component of the magnetic field, the current density may be written as 
Upon substitution of J and B into Equation 1, Equation (5) is obtained. 
(3) 
(4) 
(5) 
Note that the force is in the negative z direction as defined in Figure 1. In order to 
obtain an expression for the pressure through the thickness of the sheet, the force is 
integrated from the top of the sheet to the bottom as in Equation 6. 
f bottom IJ 0 2 2 Pz = Fz dz = - [ Hbottom - H top ] 
top 2 
(6) 
This expression for pressure is proportional to the difference of the squares of the 
magnetic intensity on the bottom and top faces of the sheet, respectively. Since an 
outward pressure (in the positive z direction) is desired, a spatial gradient of the 
magnetic intensity such that it is greater on the bottom of the sheet than on the top 
must be established. This condition will be met by making use of the frequency 
dependence of the electromagnetic skin depth. 
The temporal current profile in the coil must be tailored in such a way as to 
produce a spatial gradient of the magnetic field in the sheet. In order to obtain order 
of magnitude estimations of the rise and fall times of this current pulse, consider the 
expression for skin depth, Equation 7. 
For a sinusoidally varying signal of frequency w, a period, t, may be defined as 
2n 2nf = -. 
t 
(7) 
(8) 
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Substitution of this expression for W into Equation 7 and solving for t yields 
Equation 9. 
(9) 
A sharp fall in the current amplitude to the coil is necessary in order to produce the 
desired spatial gradient, that is, a higher magnetic field on the bottom surface than 
on the top of the sheet. Therefore, the skin depth in the fall time calculation should 
be less than the thickness of the sheet ( 0 I < d ). In order to have a fall in current 
amplitude there must be first a rise. However, this rise time should be slow enough to 
allow full penetration of the sheet ( 0 r > d ). It should be emphasized that these 
are not precise calculations and that the rise and fall times of the current pulse to the 
coil will have to be optimized through modeling and empirical techniques. 
In other work [5], a transmission line model has been developed that uses the 
temporal current profile to the coil and Equation 6 to predict pressure in the sheet. 
Model predictions have been shown to agree well with measured values in the areas 
indicated in Figure 1. This model will be used to help tailor the current pulse to 
produce maximum displacement over disbonds. A more complete model of the 
pressure produced by the coil has also been developed [6]. 
DETECTION 
There is a multitude of optical detection methods available to detect out of 
plane surface displacement. They include optical levers, point interferometry, 
holographic interferometry, and shearography. Heterodyne interferometers are the 
most sensitive of these instruments with values of 10-5 Angstrom root watt/root Hz. 
Holographic interferometry has the advantage of being full field but because of 
vibration sensitivity, is usually confined to the laboratory. Shearography, like 
holography, is a full field technique but it is much less sensitive to vibration and 
therefore can be used in industrial environments. Shearography systems are available 
commercially. The simplest class of optical detector is the optical lever in which the 
angular dependence of light reflected from the sample surface produces variations in 
the amplitude detected. Reflecting optical beam deflection, "Diffracto-sight", and fiber 
optic bundle sensors fall into this category. 
The detector used for these preliminary studies is the "Fotonic Sensor" made 
by Mechanical Technology Inc. which uses a tungsten white light source. The 
instrument consists of transmitting and receiving optical fibers arranged in a random 
bundle. Light is coupled from the transmitting to the receiving fibers by reflection 
from the test surface. The calibration curve as a function of lift-off distance for the 
detector is shown in Figure 2. Operation on the front slope of this curve yields a 
sensitivity of 27 m V / Il m and a minimum detectability of approximately 100 nm. 
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Figure 2. Detector calibration curve. 
EXPERIMENTAL RESULTS AND DISCUSSION 
5 
Sensitivity = 
27m V /i-Lm 
The coil of copper ribbon wire was wound and then potted in an epoxy to hold 
it in place and to aid in mounting. The coil was placed in front of a 4 x 5 x 0.05 inch 
2024 aluminum plate which was clamped on two sides. The optical detector was 
positioned on the opposite side of the plate approximately 0.1 mm from the surface, 
which received no preparation for these measurements. Figure 3 is a schematic 
diagram of the experimental setup. 
Figure 3. Schematic diagram of experimental setup. 
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A pulse generator was used to provide a driving signal to the circuit 
controlling the current to the coil. The current pulse into the coil was measured with 
a high frequency current probe and was captured on a digital oscilloscope. The 
optical detector output was also fed directly to the scope where 50 data sets were 
averaged and displayed. 
Figure 4 shows three signals for a rectangular driving pulse of 100 millisecond 
duration. Trace a) shows the shape of the signal from the pulse generator. Trace b) is 
the current amplitude measured on one of three branches of a current divider in 
front of the coil. The display scale is 1 amp/division and therefore the peak current 
amplitude to the coil was 10.5 amps. The detector output is shown in trace c) and is 
on a 50 mV /div scale with a positive voltage corresponding to a positive displacement 
as defined in Figure 1. The detector output indicates initial plate motion in the 
negative direction on the positive slope of the current pulse. The plate then recoils 
and rings down. Initial plate motion is in the positive direction on the falling side of 
the current pulse and again rings down. It is this positive displacement which results 
from a "pulling" of the plate that is of interest to detect and characterize disbonded 
regions in lap joints. Therefore, it is desirable to eliminate the initial inward plate 
motion resulting from the sharply rising slope of the current pulse. The ringing from 
that "pushing" of the plate will only interfere with the desired motion. 
To reduce the initial inward displacement of the plate, a sawtooth pulse 
instead of a rectangular one, was used to drive the circuit controlling the current to 
the coil. Figure 5 shows the drive pulse, the current to the coil, and the detector 
output in traces a), b), and c) respectively. The current pulse lags the drive signal 
slightly but produces a shallow enough gradient in the current as to excite no 
measurable plate motion. The sharp fall in current amplitude again causes plate 
motion in the positive direction. It is this general shape of pulse which will be refined 
for disbond detection. 
SUMMARY 
Successful optical nondestructive evaluation depends upon appropriate 
stressing to produce out of plane displacements in the sample. The geometry of a thin 
sheet bonded to a thin sheet, such as an aircraft lap joint, does not respond well to 
some traditional excitation techniques for optical NDE. An alternate electromagnetic 
stressing technique is now under investigation. Previous work by others and our 
preliminary experimental results indicate that this stressing technique along with 
optical detection may prove to be a useful NDE tool for disbond detection in bonded 
conducting materials such as lap joints. 
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Figure 4. a) Rectangular driving pulse, b) current, c) displacement. 
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Figure 5. a) Sawtooth driving pulse, b) current, c) displacement. 
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